Microphotographs were taken after staining the cells with 1 mg W ml of 5-bromo-4-chloro-3-indolyl b-D-galactoside (pH 6.0) as described previously.
Microphotographs were taken after staining the cells with 1 mg W ml of 5-bromo-4-chloro-3-indolyl b-D-galactoside (pH 6.0) as described previously. 3) Scale bar, 100 mm. We tested various thymidine analogues for induction of a senescence-like phenomenon in HeLa cells. CldU, BrdU, and IdU similarly induced the morphology of senescent cells and typical senescence markers. Thymidine analogues other than 5-halogenated forms caused only cell death. BrdU e‹ciently killed the cells in cooperation with irradiation with light and a brief treatment with Hoechst 33258, but CldU did not at all. 5-Halogenated thymidine analogues were thus shown to be speciˆc inducers of cellular senescence in mammalian cells.
Key words: 5-halogenated deoxyuridine; senescence; DNA damage; HeLa cell
Normal human cells enter replicative senescence in culture after a limited number of cell divisions. Normal human cells can also enter senescence prematurely by various treatments. 1) Senescence has speciˆc morphological alterations, ‰at and enlarged cell shape, and induction of the senescence marker genes.
2) Recently, we have found that BrdU clearly and immediately induces a senescence-like phenomenon in any type of mammalian cells.
3) This phenomenon is quite similar to replicative and premature senescence in normal cells. BrdU is well known to induce or suppress tissue-speciˆc genes 4) and to generate uracil when cells are exposed to light. Uracil bases are removed by uracil glycosylase 5) and the resulting apyrimidic sites cause a nick or gap on DNA during the process of excision repair. These DNA damage is thought to be involved in the biological eŠects of BrdU. Here, we examined various thymidine analogues to see their activity to induce the senescence-like phenomenon observed in HeLa cells treated with BrdU.
First, we examined 5-halogenated-2?-deoxyuridines in HeLa cells. CldU, BrdU, and IdU similarly stopped their dividing dose-dependently. They had ‰at and enlarged cell shape and induced the senescence-associated b-galactosidase (Fig. 1) . CldU or BrdU did not have cytotoxicity but IdU slightly caused cell death. These analogues had similar eŠects in the other cell lines tested (data not shown). 5-Fluoro-2?-deoxyuridine, which behaves like a deoxyuridine analogue and inhibits thymidylate synthase, 7) immediately and e‹ciently killed the cells. Then, we examined various thymidine analogues other than 5-halogenated forms. 5-Hydroxymethyl-2?-deoxyuridine (one of the oxidized forms of thymidine), The cells were cultured in the presence of 50 mM BrdU or CldU for the times indicated. Total mRNA samples were prepared from the cells cultured under the conditions indicated, run through 1z formaldehyde-agarose gel, and transfered to a nylon membrane. Blots were hybridized at 659 C with 32 P-labeled probes in a hybridization mixture, washed at 659 C, and used to expose an X-rayˆlm as described previously.
3) GAPDH: glyceraldehyde monophosphate dehydorgenase used as a loading control. Fig. 3 . Photolysis of HeLa Cells. The cells were cultured in the presence of CldU or BrdU at the concentrations indicated for 3 days. The cells were then treated with or without 1 mg W ml of Hoechst 33258 for 1 hour, and exposed to white light (National, FL20SS EX-N W 18) at the distance of 10 cm for the time indicated. Then the cells were allowed to form colonies in growth medium for 7 days. The numbers of colonies were counted after staining with Coomasie Brilliant Blue R-250.
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potent anti-herpes agent), 9) 3?-deoxythymidine (a dideoxy form used as a chain terminator), 9) and 1-b-D-arabinofuranocylthymine (a chain terminator designed as a chemotherapeutic agent), 9) all caused immediate cell death. ( E )-5-(2-Bromovinyl)-2?-deoxyuridine was tested in HeLa expressing herpes simplex virus thymidine kinase. 6) We compared mRNA levels for the widely used senescence markers collagenase-I,ˆbronectin, and p21
, between HeLa cells cultured in the presence of CldU and BrdU (Fig. 2) . In either case, the levels for collagenase-I andˆbronectin increased similarly and reached levels approximately 1,000 times higher than their controls. The level for p21 waf1 W sdi-1 also increased similarly in either case. These results suggest that both CldU and BrdU aŠect the same mechanism to induce the senescence-associated genes.
Further, we examined whether CldU induces photolysis of the cells as BrdU does. HeLa cells were cultured in the presence of CldU or BrdU and exposed to light. BrdU signiˆcantly inhibited colony formation dependent on its dose and the strength of light (Fig. 3) . Brief treatment of the cells with Hoechst 33258 before light exposure markedly stimulated its eŠect. In sharp contrast, CldU did not show such a cytotoxic eŠect under any conditions tested. These results demonstrate that DNA damage is not involved in this senescence-like phenomenon.
In our previous studies, low doses of distamycin A, which binds to the minor grooves of AT-rich sequences and synergistically strengthen the eŠect of 5-bromodeoxyuridine, were also shown to potentiate the eŠect of 5-chlorodeoxyuridine (data not shown). We have also constructed a catalogue of genes that are immediately upregulated by BrdU in HeLa cells. Strikingly, approximately two-thirds of the genes are also upregulated in senescent normal humanˆbrob-lasts.
11) This similarity is higher than those among diŠerent cell types of normal cells cultured to enter senescence. DNA damage-inducible genes were not found in this catalogue except for the p21 waf1 W sdi-1 gene.
11)
As the three types of 5-halogenated thymidine analogues behaved similarly as regards the senescence-like phenomenon, the underlying mechanism must somehow involve the halogen atom of deoxyuridine. Further, as the same set of genes were induced in HeLa cells cultured with BrdU and normally senescedˆbroblasts, it would be reasonable to speculate that similar mechanisms operate in the senescence-like phenomena induced by 5-halogenated thymidine analogues in tumor cells, and premature and replicative senescence in normal cells.
